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Cauchy's equation of continuum mechanics for the magneto-responsive material is given by (24, 25)
where T, σ M , and σ EM represent the stress tensor, mechanical stress tensor, and electromagnetic stress tensor, respectively. The left-hand side of the equation is equal to zero as there is no acceleration in the magnetostatic system. The external force, denoted by f external in the equation, can be neglected in our system. Then, equation S1 becomes
The electromagnetic stress tensor, σ EM , is defined by Maxwell stress tensor in electromagnetics (26)
where ε 0 is the electric constant, μ 0 is the magnetic constant, E is the electric field, B is the magnetic field, and δ ij is Kronecker's delta.
Under the magnetostatic condition (E = 0), the equation of the EM stress tensor becomes
Using Hooke's law for isotropic materials, strain ε ij for the mechanical stress tensor σ M,ij is defined as follows (27)
where υ and E represent the Poisson's ratio and Young's modulus, respectively.
According to equation S2, σ M = −σ EM is deduced. Subsequently, the equation of mechanical strain tensor becomes
Note S2. Theory for structure deformation-induced fluid field (fluid-structure interactions).
A monolithic arbitrary Lagrangian-Eulerian (ALE) method was applied to FEA for the analysis of fluid-structure interaction (FSI). Domains for fluid, structure, and the interface are denoted by F, S, and Γ, respectively. The fluid dynamics over the undulatory dynamic composite can be predicted from the coupling stress tensors of the fluid and solid domains.
In the fluid domain, according to the Navier-Stokes equation and continuity equation, the governing equations for incompressible Newtonian fluid are as follows (28-30)
where u, ρ F , p, ν, and f F denote the velocity, density, pressure, kinematic viscosity of the fluid, and external volume force on the fluid domain, respectively.
Equation of fluid stress tensor is given by (28-30)
where μ and τ ij represent the dynamic viscosity and deviatoric stress tensor, respectively.
In the solid domain, the governing equation for the deformable solid is as follows (30)
where ρ S , h, σ S,ij , and f S are the density, displacement, solid stress tensor, and external volume force on the solid domain, respectively. Here, the equation of solid stress tensor is defined by (30)
where F, S, and J represent the deformation gradient tensor, 2nd Piola-Kirchhoff stress tensor, and Jacobian (determinant of F), respectively.
To couple the preceding equations, kinematic continuity and dynamic continuity are assumed at the interface Γ. Dynamic coupling of two governing equations (equation S9 and equation S11) using traction vectors by defining a normal vector n yields (31)
where T F , T S , and n stand for the traction vectors applied to the fluid and solid domains, and the normal vector of the interface Γ, respectively.
The kinematic coupling equations are as follows (31)
ℎ̇, = , (S14)
which implies continuity in displacement, velocity, and acceleration at the interface Γ of two domains. Based on the coupling equations, the fluid velocity field as a function of structural deformation can be defined by solving a system of algebraic equations using the NewtonRaphson iteration in FEA. 
where M, L, and T denote mass, length, and time unit, respectively.
Given that six relevant variables (l, t, u, μ, ρ, and g ) are defined by three fundamental physical dimensions (M, L, and T), three non-dimensional numbers are derived. Then, the final form of equation S16 becomes
where e 4 = 1, e 5 = -0.5, and e 6 = -1.
Consequently, vorticity (w) can be expressed as a function of Re, Fr, and St as below
Likewise, shear stress (τ) can be given as a function of Re, Fr, and St as follows 
